ABSTRACT: Facilitative UT-B urea transporters have been located in the gastrointestinal tract of numerous mammalian species. We have previously identified UT-B urea transporters within the epithelial layers of the bovine (b) rumen. The aim of this study was to test the hypothesis that ruminal bUT-B urea transporters are regulated by dietary intake. Six Limousinecross steers (initial BW = 690 ± 51 kg) were separated into 2 groups fed a basic silage-based diet (RS) or a concentrate-based diet (RC) for 37 d and compared for ruminal morphology, content, and bUT-B expression. Analysis by reverse transcription-PCR showed that ruminal bUT-B2 mRNA expression was greater in RCfed than RS-fed animals. Utilizing an anti-bUT-B antibody, we also detected a significant increase in bUT-B2 protein expression in RC-fed rumen (P < 0.05, n = 3). In agreement with these findings, immunolocalization studies of RC-fed ruminal tissue showed strong bUT-B signals throughout all epithelial layers, in contrast to weaker staining in RS-fed rumen that was more localized to the stratum basale. This study therefore confirmed that ruminal bUT-B urea transporter expression and localization were indeed altered by changes in dietary intake. We conclude that UT-B transporters play a significant role in the dietary regulation of bovine nitrogen balance.
INTRODUCTION
During the process of urea nitrogen salvaging (UNS), urea passes into the rumen and is broken down by bacterial urease into carbon dioxide and ammonia. These breakdown products are then utilized by the bacteria to synthesize AA and peptides to be used for their own growth (Lapierre and Lobley, 2001) . Importantly, products of microbial urea breakdown can also be reabsorbed by the mammalian host and used to maintain nitrogen balance, completing the mutually beneficial process of UNS (Lapierre and Lobley, 2001 ).
Urea entry into the ruminant gastrointestinal tract is likely to be through facilitative urea transporters . These transporters allow the passage of urea across cell membranes, down a concentration gradient, in a phloretin-sensitive manner (Smith and Rousselet, 2001) . They are derived from the UT-A (Slc14a2) and UT-B (Slc14a1) genes and play a vital role in the urinary concentrating mechanism (Fenton et al., 2004) . Urea transporters have been identified in the gastrointestinal tract of numerous species, including cattle (Marini and Van Amburgh, 2003; and sheep (Ritzhaupt et al., 1998; Marini et al., 2004; Ludden et al., 2008) . However, although these transporters have been shown to facilitate gastrointestinal urea transport , their exact role in the regulation of UNS remains unclear. Indeed, previous reports have given conflicting results concerning the dietary regulation of gastrointestinal urea transporters in ruminants (Marini and Van Amburgh, 2003; Marini et al., 2004; Ludden et al., 2008) .
The aim of this current study was to investigate whether any changes occurred in bovine ruminal UT-B expression and localization in cattle fed 2 different diets: a basic silage-based (RS) diet and a basic concentratebased (RC) diet. The results from this report provide valuable insight into the potential role and regulation of ruminal UT-B urea transporters.
MATERIALS AND METHODS
All procedures involving animals in this study were in accordance with the UK Animal Welfare Act 2006, and all the codes of recommendations for the welfare of animals were strictly followed. All animal work was performed at University Farm (Cockle Park) under the auspices of Newcastle University.
Animals and Housing
Six Limousine-cross steers of similar initial BW (690 ± 51 kg) and age (670 ± 14 d) were selected. These steers were divided into 2 groups each containing 3 steers, with each group balanced for its mean steer BW and age (Table 1) . These groups were identified as silage and concentrate groups, and loose housed in adjacent but separate pens on a straw-bedded floor in a well-ventilated shed. The final BW, carcass weights, dressing percent, and daily BW gains did not differ significantly between the treatments after 37 d of the feeding regimens (Table 1) . Although daily feed intake was not monitored, it was estimated at around 9 kg of DM/d per steer for each treatment.
Diets and Feeding
All steers were offered twice daily their designated diets for ad libitum intake. The RS group received total mixed ration containing 80% perennial ryegrass silage and 20% concentrate diet. The RC group received a mixture of 80% concentrate diet and 20% chopped barley straw. The RC diet contained (% DM): rolled barley (75), soybean meal (10), sugar beet pulp (7), molasses (5), and vitamin-mineral premix (3). The chemical composition of the 2 diets is shown in Table  2 . The chemical composition of the RS-and RC-based diets were comparable for most chemical components, though some variations (e.g., DM, NDF, ADF, manganese) were unavoidable due to the inherent differences between grass silage and the ingredients of the concentrate diet. Extra amounts of vitamin premix (18 g per kg) were added to the RS diet to bring its added vitamin and mineral contents closer to those of the RC diet. The RS and RC diets were iso-nitrogenous with CP contents of 135 and 131 g/kg of DM, respectively. The energy contents of these diets were also similar, with 11.4 and 11.8 MJ of ME/kg of diet DM for the RS and RC diets, respectively. These diets were prepared to meet the CP and energy requirements of beef steers of about 700 kg of BW with an expected ADG of 0.60 kg/d (AFRC, 1993) . The steers had free access to drinking water throughout the study.
Animal Transport, Slaughter, and Rumen Sampling
At the end of the 37-d treatment feeding period, feed was withheld for around 12 h before the animals were transported to the abattoir and rumen tissue humanely harvested. Animals were dressed, cleaned, and carcasses inspected and weighed. There was no difference in final BW (P = 0.63, n = 3, unpaired t-test) or carcass weights (P = 0.60, n = 3, unpaired t-test) observed between the 2 groups (Table 1) . Rumen samples from RSand RC-fed cattle were obtained and excised within 15 to 40 min of slaughter. Rumens from the ventral sac (100 cm 2 ) approximately 10 cm from the left longitudinal groove were excised. Tissues were immediately washed and immersed in ice-cold organ transplantation preservation solution (140 mM sucrose, 42.3 mM Na 2 H-PO 4 , 26.7 mM NaH 2 PO 4 ; pH 7.4; Graham and Simmons, 2005 ). The epithelial mucosae were then stripped from the muscle layers using arterial forceps, scissors, and scalpel, and then cut into squares of approximately 2 cm 2 . Portions of tissues were then snap frozen in liq- uid nitrogen and stored at −80°C for immunoblotting, or immersed in 5:1 (vol/wt) of RNAlater (Ambion, Austin, TX) and stored at −20°C for mRNA isolation. Samples of kidney from the full thickness of tissue (i.e., including cortex and medulla) were obtained from animals not matched to those in the dietary study (but of a similar size and fed similar diets) and stored in a similar manner to rumen tissue. Rumen papillae were isolated directly from stripped rumen epithelial mucosae, collected as described above, by using fine scissors to cut the papillae at their base. Papillae height was simply measured directly against a ruler and compared between diets (Lesmeister et al., 2004) . Given the relative papilla height to width ratio was 4.3 to 1 for RS samples compared with 1.6 to 1 for RC samples (and calculations of surface area = height × half of base width), estimated average papillae surface area could be calculated for each diet.
Rumen Fluid Analysis
Rumens were immediately cut open to collect samples of their rumen contents, which were separately filtered through 4 layers of a cheese cloth into prewarmed insulated flasks. The pH of the filtered samples was immediately measured, and then samples were acidified by using equal volumes of 1 M HCl, before their analysis for VFA and ammonia profiles. The acidified rumen fluid samples were centrifuged at 10,000 × g for 10 min at 20°C to remove insoluble residues, and the supernatants were analyzed for VFA, as described by Ottenstein and Bartley (1971) , using 3-methyl valeric as an internal standard on a gas chromatograph (PU 4550, Pye Unicam Ltd., Cambridge, UK). The gas chromatograph was equipped with an auto-sampler that injected samples directly into a 2-mm i.d. glass column at 140°C with a flame ionization detector at 180°C. The acidified samples were analyzed for rumen NH 3 -N concentration by using the nitroprusside-hypochlorite method (Nkonge and Balance, 1982) with a Cobas Mira clinical analyzer (Roche Diagnostics, Burgess Hill, UK).
Reverse Transcription-PCR
Rumen papillae samples were collected from ventral rumen tissue and mRNA obtained using an oligo(dT)-cellulose batch method (Fenton et al., 2000) . In addition, bovine whole kidney mRNA was purchased from AMS Biotechnology (Europe) Ltd. (Abingdon, UK). Next, 1 µg of mRNA for both rumen and kidney was used to produce cDNA via reverse transcription (RT) using Superscript II (Invitrogen, Paisley, UK). The PCR amplification with Taq polymerase enzyme (Roche, Clarecastle, Ireland) was then performed on bUT-B1 cDNA and bUT-B2 cDNA (both positive controls; , bovine silage-fed rumen (RS) cDNA, bovine concentrate-fed rumen (RC) cDNA, and bovine kidney (BK) cDNA using forward primers: (1) bovine-specific urea transporter forward primer (BSF; 5′-TGCCTAA-CATAACGAGTTC-3′; bUT-B1 37 to 55 bp), (2) bovine urea transporter degenerate forward primer (BODF; 5′-AGGGCTACAACGCTACCCTGGTGG-3′; bUT-B1 424 to 444 bp), (3) glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward primer (GAPF; 5′-CCT-TCATTGACCTTCACTACA-3′; bovine GAPDH); and reverse primers: (4) urea transporter degenerate reverse primer (DG2; 5′-ATAGTACAGTCTTAGTGCCA-3′; degenerate UT primer), (5) bovine urea transporter degenerate reverse primer (BODR; 5′-GAAGATGC-CCCCTGTCCACGG-3′; bUT-B1 774 to 794 bp), (6) GAPDH reverse primer (GAPR; 5′-CTTGATCTCAT-CATACTTGGC-3′; bovine GAPDH).
Cycling parameters were initial denaturation 94°C for 2 min, followed by 30 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s. The final extension was at 72°C for 8 min. After electrophoresis of PCR products through a 1% agarose gel, products were visualized using ethidium bromide and a UV transilluminator.
Anti-bUT-B Antibody
To study the distribution of bUT-B transporter isoforms, polyclonal antibodies were raised in chickens (AVES Labs, Togard, OR) against an immunizing peptide that corresponded to AA 366-384 (H2N-EENRI-FYLQSRKRTVQGPL-C00H) of the C-terminal region of bUT-B1 (GenBank accession number, AY624602) and hence AA 421 to 439 in bUT-B2. This antiserum was called BUTB-PAN and was affinity purified during its production by Aves Labs.
Immunoblotting Analysis
Ruminal epithelial mucosae samples were homogenized in ice-cold buffer with an automated homogenizer. The homogenization buffer (pH 7.6) contained 12 mM HEPES and 300 mM mannitol. Homogenates were initially centrifuged at 2,500 × g for 10 min at 4°C. The resulting supernatant was centrifuged at 17,000 × g for another 30 min at 4°C. These plasma membrane enriched pellets were retained and resuspended in homogenization buffer. Total protein concentrations were determined using a Bio-Rad Protein Assay Reagent Kit (Bio-Rad, Hemel Hempstead, United Kingdom). Reducing Laemmli sample buffer (5×; 5% SDS, 25% glycerol, 0.32 M Tris, pH 6.8, bromophenol blue, 5% β-mercaptoethanol) was added to protein samples in a ratio of 1:4; the samples were then heated at 60°C for 15 min, and SDS-PAGE was performed on minigels of 12% polyacrylamide by loading 20 µg of protein per lane. Proteins were then transferred electrophoretically to Protran nitrocellulose membranes (Geneflow Limited, Fradley, Staffordshire, UK). After blocking with 5% nonfat dry milk in washing buffer (15 mM Tris HCl, pH 8.0, 150 mM NaCl, 0.01% Tween 20) for 1 h, the membranes were probed with either BUTB-PAN or, as a positive control for the immunoblotting process, anti-Na
Upstate Biotechnology, Lake Placid, NY) for 16 h at room temperature. Membranes were rinsed in washing buffer 3 times for 10 min, and then they were probed with 1:50,000 anti-chicken (for BUTB-PAN) or 1:5,000 anti-mouse (for NaKATPase) horseradish peroxidaselinked secondary antiserum diluted in 5% nonfat milk in washing buffer for 1 h. After another three 10-min rinses in washing buffer, detection of protein was performed using the EZ-ECL chemiluminescence detection kit (Geneflow Limited) and ECL film (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). Images of developed film were then captured with an Image Reader LAS-1000 package and the intensity of signals quantified using the AIDA Image Analyzer v.3.44 software package (AIDA, Straubenhardt, Germany).
Immunolocalization
Rumen papillae were isolated directly from stripped rumen epithelial mucosae using scissors. Papillae were immersion fixed in ice-cold 3% paraformaldehyde in PBS for a minimum of 4 h or overnight. Papillae were then incubated for 24 h in 30% sucrose in PBS at 4°C before embedding in optimum cutting temperature compound (Tissue-Tek, Miles Laboratories, Naperville, IL) and cryosectioning. Then, 10-µm sections were washed 3 times with a solution containing 1% BSA, 0.2% gelatin, 0.05% saponin, diluted in 1× PBS. Sections were then incubated overnight in 1:1,000 or 1:2,000 BUTB-PAN antibody diluted in 0.1% BSA, 0.3% Triton X-100 in 1× PBS at 4°C. After 3 washes in BSA-containing solution, sections were incubated in 1:100 dilution of fluorescein isothiocyanate-conjugated anti-chicken 488 fluorescent secondary antibody (Alexa) for 1 h. After 3 further 10-min washes in BSA-containing solution, coverslips were mounted on the sections using Eukitt mounting medium (Kindler, Freiburg, Germany). Slides were then viewed using an AxioPlan2 microscope (Zeiss, Welwyn Garden City, UK), and images recorded using a QICam Fast1394 camera and Q capture Pro software (Q Imaging, Surrey, Canada). All localization studies were repeated for material obtained from each of the 3 animals from each study group (data not shown).
Statistical Analysis
All data values are shown as mean average ± SEM. Unpaired t-test or 1-way ANOVA with Tukey posthoc test were used as appropriate, with groups deemed statistically significant if P < 0.05 (GraphPad Prism, GraphPad Software, La Jolla, CA).
RESULTS

Rumen Physiology
The initial phase of our study was to investigate whether the different diets had effects on basic rumen morphology. Figures 1A and 1B show that rumen papillae in samples taken from animals fed the RC diet were much larger than those taken from animals fed the RS diet. Indeed, RC papillae were considerably larger in all samples measured ( Figure 1C) , with a significant 4-fold increase in average papillae lengths from 3.6 ± 0.2 mm in RS tissue to 12.5 ± 0.3 mm in RC tissue (P = 0.001, n = 3). Using the relative papilla width to height ratio to calculate average surface area (see Materials and Methods section), this represents an overall estimated increase in individual papillae surface area from ~2 mm 2 in the RS diet to ~45 mm 2 in the RC diet. As shown in Figure 1A , the surface density of papillae of RS and RC rumen mucosae were not dramatically different, so the change in individual papillae represents a significant increase in the total ruminal papillae surface area in animals fed the RC diet.
Analysis of ruminal fluid showed a significant decrease in pH (from ~7.0 to ~6.1) in animals fed the RC diet (P = 0.03, n = 3), but ammonia concentration did not differ (P = 0.32, n = 3; Table 3 ). Although 2 of 3 ruminal contents for RC-fed animals showed increased VFA concentration, the total VFA concentration was not statistically different between the 2 diets (P = 0.56, n = 3; Table 3 ). Finally, there was also minimal change in the profile of VFA observed, with decreased percentage acetate in RC rumen contents (P = 0.04, n = 3; Table 3 ). Overall, these data illustrated significant morphological differences had occurred in the rumen from animals fed different diets, but with limited changes to ruminal contents.
RT-PCR
To investigate bUT-B mRNA expression, RT-PCR using previously documented bUT-B specific primers was performed (Figure 2) . Interestingly, BSF/DG2 primers showed that a 900-bp signal representing bUT-B2 increased in RC compared with RS cDNA samples, whereas the 750-bp signal representing bUT-B1 was only clearly observed in bovine kidney. Additional experiments with other global bUT-B and bovine GAPDH primer sets gave signals of equal strength and confirmed that the difference in bUT-B2 signal cannot be explained by differences in cDNA sample quality. To determine whether any of these signals were due to genomic DNA contamination of the bovine mRNA samples, reactions were also performed using mRNA that had not undergone RT (i.e., minus RT reactions). The complete lack of signals obtained in all minus RT reactions confirmed that genomic DNA contamination had not occurred.
Antibody Characterization
To fully detail any changes in bUT-B protein expression within our study, we raised and characterized a novel anti-bovine UT-B antibody, named BUTB-PAN. This antisera targeted the C-terminal common to bUT-B1 and bUT-B2 ( Figure 3A) . Initial immunoblots showed that although no signals were obtained from Regulated ruminal UT-B expression preimmune serum, BUTB-PAN successfully detected bUT-B2 protein expressed in Madin-Darby canine kidney cells (i.e., MDCK-bUT-B2 cells; Figure 3B ). Because it is well known that red blood cells highly express UT-B1 protein (Olives et al., 1995; Inoue et al., 2004; Lucien et al., 2005) , we tested BUTB-PAN on bovine blood protein ( Figure 3C ). The BUTB-PAN successfully detected the expected 30 to 50 kDa signals representing bUT-B1. Deglycosylation analysis was performed in which 20-µg aliquots of protein were incubated for 1 h at 37°C, with or without the presence of 1 µL of PNGaseF enzyme (New England Biolabs, Ipswich, UK), then Laemmli buffer added and immunoblotting performed. This analysis showed that the 40-to 50-kDa signal was deglycosylated to 30 and 32 kDa bands [note that the presence of the PNGaseF buffers alone in (−) lanes reduced overall signal strength, leaving only glycosylated bUT-B1 visible]. Finally, preincubation of BUTB-PAN with 1 µg/mL of the specific BUTB-PAN immunizing peptide completely ablated all signals, whereas preincubation with a similar amount of nonspecific peptide had no such effect. As a result, we concluded that BUTB-PAN specifically detected bUT-B1 and bUT-B2 protein. 
Rumen Protein Immunoblotting Analysis
In the next set of experiments, we investigated the bUT-B protein signals obtained from RS and RC rumen samples (Figure 4 ). For the RS rumen protein immunoblot, BUTB-PAN detected a 50-kDa signal that was deglycosylated down to an unexpected signal at 34 kDa, whereas a 30-kDa signal remained unaltered. In contrast, for RC rumen there was a broader 36-to 55-kDa signal that deglycosylated to a strong 36-kDa protein, whereas the signals at 30 and 32 kDa remained unchanged. Importantly, a very similar pattern was detected in MDCK-bUT-B2 protein samples, with the same 36-to 55-kDa pattern again shifting to a 36-kDa signal, though this time there was also an increase in the 32-kDa signal. Bovine kidney protein, which contains only bUT-B1, produced a different 35-to 50-kDa smear that was degylcosylated to 30-and 32-kDa signals. This pattern was therefore very similar to that observed for bUT-B1 in bovine red blood cell protein ( Figure 3C ).
Further immunoblotting was performed using rumen samples from all 6 of the study animals ( Figure 5A ), with the banding patterns observed being consistent with those shown in Figure 4 . Summary graphs of densitometry data suggested differences in expression levels of several UT-B proteins between the 2 diets ( Figure   5B ). However, only the increase in the 36-kDa band in RC samples was significant (P < 0.05). In a positive control experiment using an antibody against Na + ,K + -ATPase, immunoblot analysis surprisingly showed that there was a significant contrasting decrease in the expression level of αNa + ,K + -ATPase expression in RC samples (P = 0.05; Figure 6A ). Lastly, as shown by Coomassie staining, the amount of ruminal protein loaded on these immunoblots did not differ between the 2 groups (P = 0.37; Figure 6B ).
Rumen Immunolocalization
Immunolocalization studies were performed using 10-µm-thick cryosections of bovine tissue stained with BUTB-PAN antibody. Using a 1:2,000 dilution of BUTB-PAN, bUT-B staining in RS rumen was predominantly located in the plasma membranes of cells in the stratum basale layer of the rumen epithelia, the layer that is furthest from the ruminal lumen ( Figure  7A ). In contrast, stronger bUT-B staining in RC rumen tissue was detected in the stratum basale, stratum spinosum, and stratum granulosum. Increasing the concentration of BUTB-PAN to 1:1,000 generally increased the levels of staining observed ( Figure 7B ). Staining was now present in the basale, spinosum, and granulosum strata in rumen from RS fed animals. How- The 40-to 50-kDa signal shifted to 30-and 32-kDa bands after complete deglycosylation with a Peptide:N-Glycosidase F enzyme (PNGaseF). All these signals were further confirmed as bUT-B because preincubation of the BUTB-PAN antibody with 1 µg/mL of specific peptide ablated them, whereas preincubation with a similar amount of a nonspecific peptide had little effect. Con = control; (−) = PNGaseF buffers present but no enzyme; (+) = PNGaseF buffers and enzyme present. ever, this staining was again weaker than that observed in the same layers of rumen from RC-fed animals. In addition, bUT-B staining in RC rumen was also detected on the plasma membranes of the stratum corneum, whose cornified cells protect the other layers from the contents of the ruminal lumen. In conclusion, bUT-B staining was stronger and more widespread in rumen from RC-fed animals compared with staining in rumen from RS-fed animals.
Regulated ruminal UT-B expression
DISCUSSION
Urea nitrogen salvaging is particularly important in maintaining nitrogen balance in ruminant animals such as cattle and sheep . Ruminants have developed an extensive forestomach, the rumen, to improve nitrogen economy (Reynolds and Kristensen, 2008) . This structure promotes the symbiotic relationship between mammalian host and rumen bacteria in part through greatly enhancing the capacity for UNS. This process of UNS is limited by urea transfer into the gastrointestinal tract or by the efficiency with which the ruminal microbiota utilize the urea nitrogen (Lapierre and Lobley, 2001) . Recent studies into asynchronous protein supplementation (Wickersham et al., 2008) have added to the view that UNS predominantly buffers the effects of short-term variability in dietary nitrogen supply (Reynolds and Kristensen, 2008) . In this study, we determined the expressional changes of gastrointestinal UT-B urea transporters in response to different dietary intake. Cattle were fed a RS diet or a RC diet. In response to these different feeding regimens, we observed differences in rumen morphology, ruminal content, and UT-B expression pattern.
As expected, we observed marked changes in rumen morphology in response to the RC diet. To better absorb the ruminal contents obtained with the RC diet, the rumen responded by increasing the total surface area of the rumen papillae. The increases in size and relative surface area for this morphological change are comparable with that shown in sheep papillae in 3 different anatomical rumen locations in response to diets in which hay to concentrate ratio was varied (Gaebel et al., 1987) . Although we cannot completely rule out consumption of straw bedding, this must have been minimal in the presence of ad libitum feeding of quality diets for both groups of cattle and hence did not prevent the expected changes in rumen morphology.
The rumen pH and acetate content were also found to differ between RS-and RC-fed cattle. In response to the RC diet, the pH of the ruminal contents was less than measured in animals fed the RS diet (i.e., a mild subacute acidosis was observed). This was presumably because of an increase in starch/sugar degradation by rumen microbes and the well-documented inability of cattle fed concentrate diets to fully buffer ruminal pH due to inadequate salivary secretion (Nagaraja and Titgemeyer, 2007) . Mild subacute acidosis is also known to alter the ruminal flora and fauna (e.g., causes a decrease in the numbers of ciliated prozoans), though precise details of these changes and their implications are not yet fully understood (Nagaraja and Titgemeyer, 2007) . The significant decrease in the proportion of acetate in the ruminal contents of concentrate-fed animals was replaced by small increases in butyric and valeric acids, but not propionate. It is interesting to note that prolonged exposure (i.e., about 2 wk) to increased concentrations of butyrate has previously been A 50-kDa bUT-B signal in RS rumen protein was deglycosylated to 34 kDa, whereas the 30-kDa signal was unaltered. In contrast, in RC rumen, a 36-to 55-kDa signal deglycosylated to 36 kDa, with both 30-and 32-kDa signals being unaffected. Similarly for MDCK bUT-B2 protein, a 36-to 55-kDa signal deglycosylated to a 36-kDa protein, whereas there was also an increase in the 32-kDa signal. For comparison, the 35-to 50-kDa signal observed for bUT-B1 in bovine kidney protein was deglycosylated to signals at 30 and 32 kDa. BUTB-PAN = anti-bovine UT-B antibody.
reported to increase urea entry into sheep rumen (Norton et al., 1982) . In contrast, it has also been observed that acute exposure (i.e., about 1 h) to butyrate had no stimulatory effect on ruminal urea transfer (Remond et al., 1993) , suggesting that butyrate concentrations may play a role in the long term regulation of UT-B expression. It has recently been reported in human Caco-2 cells that exposure to butyrate stimulates the expression and activity of another membrane transporter, namely the PepT1 peptide transporter (Dalmasso et al., 2008) , within 24 h. Butyrate therefore represents a reasonable candidate for the stimulus that produces the increase in bUT-B2 expression described in this study and requires future investigation. Finally, the pH values and VFA profiles measured in our study were well within the previously observed normal values for different cattle fed forage-or concentrate-based diets (Nagaraja and Titgemeyer, 2007; Chaudhry, 2008) .
We have described previously a novel splice variant of the UT-B urea transporter that was present in the bovine rumen . This 439-AA isoform, bUT-B2, had an additional 55 N-terminal AA compared with the renal bUT-B1 isoform and appeared to be intestinal-specific ). In the current study, RT-PCR analysis confirmed the predominant expression of bUT-B2 in the rumen compared with bUT-B1 in the kidney. In rumen we also observed an increase in bUT-B2 expression at the mRNA level in cattle fed the RC diet.
To study whether the increase in bUT-B2 mRNA corresponds to an increase in bUT-B2 protein, we developed and characterized an anti-bUT-B antibody. Immunolocalization of bovine UT-B in bovine rumen cryosections. (A) 1:2,000 anti-bovine UT-B antibody, BUTB-PAN, stained rumen tissue weakly in the stratum basale layer from steers fed silage-based diet (RS), whereas rumen tissue from steers fed concentrate-based diet (RC) was stained throughout the rumen epithelial layers except for the stratum corneum. (B) 1:1,000 BUTB-PAN stained RS rumen in the stratum basale, stratum spinosum, and stratum granulosum layers. In contrast, the RC rumen tissue was more strongly stained in all ruminal layers, including the plasma membranes of cells in the stratum corneum. Color figure available online (http://jas.fass.org/content/vol87/issue10/).
Our data show that expression of the bUT-B2 protein, in the forms of an unglycosylated 36-kDa protein and 36-to 55-kDa glycosylated proteins, was significantly increased in the RC diet. At the same time, there was a corresponding decrease in a smaller 34-kDa bUT-B protein. The exact nature of the 34-kDa band at this stage remains obscure. The nature of the ruminal 32-kDa unglycosylated signal also remains to be determined, though it appears inextricably linked to bUT-B2 protein because its expression appeared to increase in response to feeding the RC diet. Furthermore, it was present in protein isolated from MDCK cells heterologously expressing bUT-B2. The most likely explanation is that it represents a form of bUT-B1 produced by the protelytic cleavage of the unique bUT-B2 N-terminal sequence, through an as yet undetermined mechanism. Finally, the decrease in Na + ,K + -ATPase protein signal suggests that the requirement for producing a sodium concentration gradient for active transport mechanisms, such as nutrient uptake, is somewhat diminished in ruminal tissue from concentrate-fed animals. This observation requires further investigation and functional analysis.
Immunostaining of ruminal sections from both diets revealed a marked increase in immunofluorescence in rumen from RC-fed animals, indicating an overall increase in bUT-B expression. There was also a significant redistribution of bUT-B protein in RC-fed animals, with bUT-B staining observed in all rumen epithelial layers including the stratum corneum. In contrast, in rumen from RS-fed animals bUT-B staining was weaker and did not extend to the stratum corneum. Taken together these data suggest that the RC diet induced de novo expression of bUT-B2 in the stratum corneum and also an increase in expression in the other ruminal layers. As the rumen epithelium forms a syncitium with the outermost cell layer of the stratum granulosum, forming the permeability barrier , the increased bUT-B2 expression most likely produces an increased transepithelial urea transport capacity in the RC tissues. This is the first definitive proof that dietary regulation of gastrointestinal urea transporter expression and localization occurs within a ruminant species. The functional consequences of the increased expression and more widespread localization of bUT-B2 in RC-fed tissue remain to be determined. However, recent preliminary observations that bUT-B2 is a constitutively activated transporter (Tickle et al., 2009) strongly suggest that the effect would be to greatly increase transepithelial urea transport. If the ruminal increase in bUT-B2 expression observed in this study also occurred in other gastrointestinal tissues of concentrate-fed cattle, this would produce an increased intestinal secretion of plasma urea into the gastrointestinal tract lumen. This would then explain the larger proportion of urea gastrointestinal tract entry that occurs through intestinal secretion, rather than salivary gland secretion, in concentrate-based diets compared with forage-based diets (Lapierre and Lobley, 2001) .
One may speculate that increased bUT-B2 expression would provide an increased nitrogen supply for ruminal bacterial growth with concentrate-based diets. Furthermore, changes in bUT-B expression are also likely to be responsible for changes in urea entry observed with other dietary factors, such as nitrogen intake level (Reynolds and Kristensen, 2008) . Our finding that ruminal UT-B expression is regulated by diet certainly agrees with a preliminary report in which bovine ruminal UT-B expression was altered by nitrogen intake levels (Marini and Van Amburgh, 2003) . A recent study also showed a difference in bovine UT-B mRNA abundance before and after calving (Rojen et al., 2008) . These changes contrast with a study in sheep that showed no dietary regulation of ruminal UT-B expression (Marini et al., 2004) . Another recent study in lambs investigated the effect of protein supplementation on UT-B expression in gastrointestinal tissues (Ludden et al., 2008) . Again, no marked change in overall ovine UT-B expression with dietary alterations occurred, though there were differences in the extent of UT-B glycosylation observed in the different tissues (Ludden et al., 2008) . It therefore appears as if species-dependent differences in the regulation of UT-B expression may be occurring and as such require further investigation.
Future work should now investigate the effects of known regulators of gastrointestinal urea transport on bUT-B function. For example, it is known that increased levels of carbon dioxide, such as those present in ruminal gas after feeding, increase urea transfer across bovine ruminal epithelium (Thorlacius et al., 1971) . Intriguingly, carbon dioxide also increases acetamide flux (Thorlacius et al., 1971 ), a urea analog now known to be transported by UT-B (Zhao et al., 2007) . This would strongly suggest that carbon dioxide is indeed affecting UT-B function, either directly or by increasing blood flow to the ruminal papillae and hence aiding the transfer of blood urea. Because our data showed that changes in UT-B expression occurred without significant changes in ruminal ammonia concentration, it would appear that the effect of ammonia on urea transport (Remond et al., 1993) does not occur through direct action on UT-B urea transporter expression. Similarly, due to the relatively constant proportion observed in both diets, it seems that the reported effect of propionate on urea transfer (Kim et al., 1999) is also unlikely to be through changes in UT-B expression. Effects of the ureagenesis now thought to occur in gastrointestinal tissues (Oba et al., 2004 ) must also be considered. It is only by clearly understanding the regulation of urea movement and the other processes involved in UNS that we will be able to promote advances in ruminant nitrogen utilization under different dietary and physiological conditions (Sunny et al., 2007) .
In conclusion, this study is the first to comprehensively show that changes in diet produce significant changes in UT-B urea transporter expression and localization within the bovine rumen. Although the functional significance of these changes have yet to be determined, our findings strongly suggest that the dietary regulation of urea transporters plays a major role in altering urea entry into the gastrointestinal tract. Regulation of urea transporters is therefore an important mechanism in the bovine UNS process and, as such, is vital to the maintenance of nitrogen balance in this ruminant species.
